Petrological studies using X-ray diffraction (XRD) and micromorphological analyses (Optical Microscopy and SEM), were done to understand the role of biological activity in the evolution of Barro Alto bauxite. The results indicated that this influence came through structural (or microstructural) and mineralogical transformations, namely: I -the bioturbation caused by termites and II -the mechanical degradation and geochemical transformation promoted by roots. In the bioturbation caused by termites were formed: I -a intergrain micro-aggregate structure, characterised by gibbsite crystals from isalteritic bauxite fragmentation on the bottom of the profile and II -a granular structure characterised by a termitic microaggregates with fragments of gibbsite immersed in a kaolinite-gibbsite-goethite-boehmite micromass, formed by bioturbation of the degradation clay with nodules of gibbsite, whose origin is the geochemistry degradation of isalteritic bauxite. The processes associated with geochemical and mechanical degradation caused by roots were responsible for the genesis of: I -a porphyric texture with bauxite fragments surrounded by nonaggregate material and II -fine monic structure where the gibbsite neoformation has the mould cavities left by old roots, generating riziform features.
Introduction
Since the beginning of soil science (Dokuchaev, 1893 and Branner, 1896 , cited in Espindola, 2008 and in studies predating formal soil science (Darwin, 1881) , biological agents have been known to be factors actively involved in most pedological processes. Many soil attributes, especially those related to structure and chemical and mineralogical composition, are formed or transformed via biota (Ugolini and Edmonds, 1983) .
Influences exerted on soil attributes by biological activity include the following: the origin and stability of aggregates (Fregonezi et al., 2001; Harris et al., 1966; Martin, 1945 Martin, , 1946 Tisdal and Oades, 1982) ; the origin of granular structures associated with termites in tropical soils (Black and Okwakol, 1997; Dangerfield et al., 1998; Eschenbrenner, 1986; Garnier-Sillan et al., 1985; Jungerius et al., 1999; Kooyman and Onk, 1987; Lavelle et al., 1992; Lee and Wood, 1971; Reatto et al., 2009; Schaefer, 2001) ; alterations in the soil chemical composition, nutrient availability, and physico and chemical properties (Black and Okwakol, 1997; Holt et al., 1998; Lal, 1988; Sarcinelli et al., 2009) ; changes in porosity and hydro-physical conditions (Lavelle and Pashanasi, 1989; Lee and Foster, 1991; Leonard and Rajot, 2001; Mando and Stroosnijder, 1999; Miklós, 1995; Taylor and Brar, 1991) ; and the deposition of excrement involved in the constitution of soil microstructures (Brewer and Sleeman, 1988; Bullock et al., 1985) . Various studies have also reported the influence of the evolution of ferruginous (Beauvais, 2009) or aluminous soil cuirasses (Eggleton and Taylor, 2008; Hao et al., 2010; Laskou and Economou-Eliopoulos, 2007; Schwars, 1996) , thereby emphasising the involvement of organisms in rock weathering processes.
The present study hypothesized a marked influence of biological activity for the differentiation of aluminous lateritic areas of the Barro Alto bauxitic massif, highlighting microstructural and mineralogical transformations involved in this activity. The Barro Alto bauxitic massif is a bauxite deposit with an exploitable reserve of approximately 160 million tons and is located in Goias State (GO), Central Brazil (Fig. 1a) . The bauxite was formed as a result of the anorthosite alteration of the upper series of the Barro Alto Stratiform Mafic-Ultramafic Complex (CBA) in the Tocantins Province (Almeida et al., 1981) . The results of the present study will contribute to the understanding of the role of biological activity in the polygenetic evolution of lateritic mantles, contributing to the geoecological characterisation of deeply and extensively weathered areas.
Materials and methods
The regional landform of the Barro Alto bauxitic massif is characterised by three mountain ranges: Santa Barbara, Laguna and Grande (Fig. 1b) . The studied massif is located in Serra Grande, which is divided into two hills; named Morro da Torre and Morro do Buraco (Fig. 1c) . These two hills have altitudes of 1500 and 1300 m, respectively, and exhibit a prominent and contrasting relief in comparison with the lower surroundings, whose surface spreads between 550 and 900 m in elevation.
The region has a tropical climate with an average annual rainfall of 1600 mm. Cerrado (open Savanna) vegetation is preserved above 1000 m in elevation (Brasil, Ministério das Minas e Energia, Departamento Nacional da Produção de Minerais, Projeto RADAMBRASIL, 1981) , whereas agricultural activity is dominant below this altitude.
In previous studies of the evolution of the Barro Alto bauxitic massif (Oliveira et al., 2013a) , some morphological structures were reported to indicate the participation of biological activity in the differentiation of the bauxitic facies. For that purpose, we selected fifteen representative samples of such structures for combined mineralogical and micromorphological analyses.
The selected, undisturbed and oriented samples were impregnated with a polyester resin, and thin sections of 6 cm by 10 cm were prepared using standard methods (Benyarku and Stoops, 2005) . Micromorphological analyses were performed using a Zeiss Axiophot trinocular optical microscope with an integrated digital camera. Micromorphological descriptions were made using the concepts and terms proposed by Bullock et al (1985) and Stoops (2003) . The limit between coarse and fine material was defined in this study as 2 μm (c/f 2 μm ). These micropedological analyses were complemented using a JEOL JSM-5510 scanning electron microscope (SEM).
The mineralogical analyses were performed using a PANalytical Empyrean diffractometer with Cu radiation at intervals of 2°to 70°2θ, a step of 0.02, and a count of 10 s per step. The diffractograms were analysed using X'Pert HighScore software and published standards (Brindley and Brown, 1980) .
Results
Field studies associated with the micromorphological and mineralogical analyses showed that biological activity occurs in two ways: through direct bioturbation caused by soil-dwelling termites, or as a result of root growth and decay.
Direct bioturbation associated with termites
A representative profile is shown in Fig. 2 . The profile is composed of an organic horizon (A -20 cm depth), a pedoplasmated horizon (B) up to 2 m depth and a saprolitic horizon (C) observed up to 8.2 m. At the top, in the A-horizon, occurs a slopewash depositional level (±60 cm) composed of mixed bauxite fragments. According to Oliveira et al. (2013a) , these levels are derived from the colluvial deposition from upland areas.
The activity of the termitaria could be observed on the top of profile in termite mound (Fig. 2) . The mound-building termites of the neotropical Brazil are extremely varied, and most mounds are occupied by inquilines, and not just those who start the mound building. Moreover, not all are geophagous. There are reports of more than 17 termite species in one given mound (Cancello, 1989; DeSouza et al., 2009 ). We did not identify the termite species, but local observations in this area show a dominance of Nasutitermes sp., as the most common genera.
The microstructures associated with bioturbation caused by termites correspond to the samples indicated by the symbols IMA (Intergrain Micro-Aggregate structure) and GRA (Granular structure) (Fig. 2) . Both are located in pedoplasmated horizon. Macro, micromorphological and mineralogical aspects of such microstructures are presented below. Before, we present the materials contained in saprolite aiming to clarify the characteristics of materials that probably served as a source for the bioturbation and pedoplasmation processes. The symbols RBB and CMG indicate, respectively, the "Residual Blocks of Bauxite" and the "Clay Matrix with Gibbsite crystals" (Fig. 2) .
Samples of saprolite
The CMG in saprolite horizon consists of a whitish to pinkish clay with gibbsite crystals and millimetric fragments (b2 mm and N2 μm) of pink, isalteritic bauxite (Fig. 2 ). According to Oliveira et al. (2013b) , the genesis of this clay was attributed to the geochemical alteration of massive bauxite by the input of silica-rich solutions, leading to a classical resilicification process. Residual not degraded with isalteritic bauxite boulders can be observed in RBB (Fig. 2 ). This clay is cut by channels of different sizes which are filled with material, macroscopically, similar to that of GRA (Fig. 2) .
Microscopically, the RBB exhibits the same structural organization of the porous massive bauxites described by Oliveira et al. (2011 Oliveira et al. ( , 2013a . The structure is formed by gibbsite and goethite boxworks (Fig. 3A) , generating an isalteritic structure (Nahon, 1991; Delvigne, 1998) . The contact between the gibbsite and goethite boxworks is abrupt, with little or no iron dispersed in the matrix. The voids exhibit dimensions ranging from micrometres to centimetres and shapes ranging from rectangular to quadratic. The voids were derived from the consumption of primary minerals (bytownite), which constitutes about 95% of the fresh rock -anorthosite (Oliveira et al., 2009 ). In some voids, however unusual, it is possible to observe residual fragments of plagioclase not yet weathered (Fig. 3B) . The mineralogy highlights the presence of gibbsite, goethite and anatase in the inner portion of the block (Fig. 4  RBBI) and gibbsite, goethite, kaolinite and anatase in the outer portion (Fig. 4 RBBII) . The plagioclase crystals occur insufficiently for their detection in XRD.
CMG exhibits greyish-brown kaolinitic micromass with a speckled b-fabric and locally shows the remains of boxwork structures or linear features, indicating iron dispersion. Near RBB, it is possible to observe more gibbsite nodules, with many destroyed boxworks (Fig. 3C) . Away from the blocks, the nodules are rare, and, when they do occur, they appear to be formed of small crystals of gibbsite with irregular borders (Fig. 3D ), dispersed in a kaolinitic micromass. The remains of gibbsite and goethite boxworks and the dispersed gibbsite crystals are the coarse material of the groundmass. The voids are also uncommon, isolated, and have a morphology that includes vughs. In the infilled channels have a brownish-yellow colour and a micro-aggregated pattern (Fig. 3E) . The mineralogy of the infilling is composed by kaolinite, gibbsite, goethite, anatase and boehmite (Fig. 4 CMGI) . The clay surrounding the channels is composed of gibbsite, kaolinite, goethite and anatase (Fig. 4 CMGII) .
Samples of pedoplasmated horizon
At the macromorphological scale, the IMA (Fig. 2) is characterised by the presence of minute and equidimensional bauxite fragments (N2 μm) ranging from pink to whitish in colour (5YR8/3). The fragments are combined with a less abundant yellowish-red clay matrix (5YR5/6) forming a small micro-aggregate already in macroscopic scale. The GRA (Fig. 2) is also characterised by the presence of bauxite fragments; however, these fragments are smaller (b0.5 mm) and whitish in colour. Such fragments are thoroughly dispersed in a yellowish-red clay matrix (5YR5/2). The matrix in GRA is more abundant than that in IMA and it is composed of sub-rounded to rounded granules, displaying a typical granular structure (Bullock et al., 1985) . Both parts have portions with a brittle consistency. In GRA, it is possible to observe abundant biological channels, some of which are hollow, with no visible infilling.
Based on the micromorphological description, IMA and GRA exhibit significant micromorphological differences. In IMA, the fragments represent the coarse material (c/f 2 μm ) and vary from angular to subrounded shapes. They occur isolated (single grains) in larger size and composing the groundmass of micro-aggregates ( Fig. 5A and B) . Mineralogically, they are composed by gibbsite crystals and ferruginous zones suggesting a origin in broken, dismantled former goethite boxworks, resulting from termite activity (Fig. 5C ). Unaltered plagioclase crystals inherited from the RBB below in the saprolite can also be identified floating between fragments (Fig. 5D) , confirming that the material was mixed by bioturbation. The distribution and size of the fragments are fairly uniform, suggesting selection of finer particles and resulting in homogenization, promoted by termite activity (pedoturbation process). The micromass of the granular microaggregates has an undifferentiated b-fabric, and a yellowish micromass with a speckled limpidity, pointing to a material with ferralic properties (ISSS Working Group, 2006) , or a soil in the ultimate weathering stage (Schaefer, 2001) . Mineralogically, the IMA structure is composed of gibbsite, goethite, anatase and boehmite (Fig. 4 ) in addition to organic matter. Complex packing voids occur, separating the aggregates of single grains.
The GRA has a moderately developed pedality. Aggregates vary from rounded to subangular (Fig. 6) and are separated by compound packing voids system. The groundmass of the aggregate is formed by a yellowish to brown-yellowish micromass with speckled b-fabric and coarse material composed of gibbsite crystals and destroyed fragments of goethite box-works (Fig. 6C) . Mineralogically, GRA consists of kaolinite, gibbsite, goethite, anatase and boehmite (Fig. 4) . In places, some microaggregates exhibit a zoning that suggests a centrifugal migration of iron to the aggregate surface (Fig. 6C) . Abundant channel infilling is present. The cross- (Fig. 6A ) and longitudinal sections (Fig. 6B ) of channel illustrate their partial infilling by minute rounded microaggregates, suggesting a microgranular infilling (Stoops, 2003) .
Root traces and activity
Two types of structural pattern associated with root activity were identified: i) a porphyric structure (PFR) and ii) a fine monic structure (FIM).
PFR is present at the top of the profiles throughout most of the upland surface being, therefore recognised as an alteration facies (Oliveira et al., 2009 (Oliveira et al., , 2013a . Macromorphologically, this zone contains bauxite fragments surrounded by a brownish (5YR5/6) pedogenetic matrix (Fig. 7A ). According to Oliveira et al. (2013a) , the fragments have sizes ranging between 0.1 to 10 cm diameters. The number of fragments decreases from the top to the bottom of the profiles, and they are larger at the bottom. Below this zone, not fragmented massive bauxite occurs.
The micromorphology of the PFR is characterised by dispersed angular bauxite fragments surrounded by a nonaggregated material constituted by clay and gibbsite crystals (Fig. 7B) (Oliveira et al., 2013a) . These fragments and gibbsite crystals are larger than 2 μm and, therefore, represent the coarse material of the groundmass. In addition, they occur in the groundmass a brown-yellowish micromass with speckled b-fabric and complex packing void system (Bullock et al., 1985). These fragments are formed mainly by gibbsite with traces of kaolinite and goethite (Fig. 8) . The micromass contains gibbsite, kaolinite, goethite and anatase (Fig. 8) . The minerals of the coarse material have points of contact with each other or are very close. Thus, the microstructure suggests a transition between close and single spaced porphyric (Stoops, 2003) .
FIM occurs within the features with diverse shapes, especially tubular, spherical, and glaebular/amoeboidal morphologies (Fig. 9A) . These features are only found on the top surface of the Morro do Buraco and Morro da Torre, and are absent in deeper layers. These microstructures have a whitish colour with very fine texture (Fig. 9A) , and thin reddish lines are present, suggesting Fe migration across a redox microgradient.
FIM is mainly formed by gibbsite with a smaller amount of goethite (Fig. 8) . Micromorphologically it is characterised by the presence of small gibbsite crystals whose growth direction is perpendicular to the pores located in the central portion of the features (Fig. 9B) . Successive aligned crystal sequences were observed, suggesting that the gibbsite crystallised outwards from the central pore and branches (Fig. 9C) . The gibbsite crystals forming the fine monic microstructure are much smaller than those in alteromorphs derived from direct plagioclase alteration, as illustrated in the backscattered electron images (Fig. 9D and E).
Discussion
For the termite-related structures, the results indicate that the origin of the IMA is associated with the bioturbation of previous, isalteritic residual bauxite coarse blocks not transformed into clay, whereas the GRA is associated with the bioturbation of the clay itself in an admixture with relict, resistant gibbsite crystals.
In the Barro Alto bauxitic massif, boehmite was not identified in any other product of the evolution of bauxite except in samples associated with termite bioturbation (Oliveira et al., 2009 (Oliveira et al., , 2013a (Oliveira et al., , 2013b ). This evidence strongly indicates that termites have a marked role in the mineralogical transformation of the bauxite studied, i.e., via the transformation of gibbsite to boehmite.
Boehmite is a monohydrate aluminium oxy-hydroxide (α-AlOOH). According to Trolard and Tardy (1987, 1989) , Trolard (1988) and Tardy et al. (1990) , the stability field of boehmite, as in kaolinite, Algoethite, Al-hematite, and gibbsite, is a function of the particle size, medium temperature, and thermodynamic activity of water (a w ). In the specific case of boehmite, water deficient conditions are necessary for their formation, i.e., a semi-arid climate (Singh, 1982) . In Brazil, the bauxites are mostly gibbsitic (Melfi, 1997) , and only one occurrence of boehmite has been recognised in Brazilian bauxite, specifically in the Lages region, Santa Catarina State, Brazil (Formoso et al., 1997) , where a boehmite derived from alkaline rocks (phonolites) has been identified. Aquino (2007) confirmed this finding and attributed its genesis to the dehydration of gibbsite.
Experiments have shown that this transformation can occur in two ways (Gong et al., 2002) : I -the dehydration of gibbsite and boehmite formation by in situ nucleation (transformation) or II -the dissolution of gibbsite and boehmite formation by nucleation from the solution (neoformation). In the first case, the transformation of gibbsite to boehmite by dehydration can be induced by reducing the thermodynamic activity of water (a w ) at a constant temperature, increasing the temperature with a constant a w , or by reducing the a w and increasing the temperature simultaneously (Tardy et al., 1990) . This behaviour explains why gibbsite-boehmite paragenesis is stable in the absence of H 2 O as an independent phase, allowing for boehmite to be found mainly in the upper parts of the profiles, where increased temperature resulting from the direct incidence of solar radiation induces less stable moisture conditions (Chesworth, 1972) . Boulangé (1984) observed that the oscillation of the water table that periodically desiccates the gibbsite cuirasse was responsible for the transformation of gibbsite to boehmite from Ivory Coast bauxite. If the origin of boehmite in Barro Alto had been solely related to the dehydration of gibbsite in the upper sections of the profiles, it would also be identified in other profiles where bioturbation was not observed. However, it did not occur. The boehmite in microstructure produced by termites is restricted to the clay matrix, including the channel infilling surrounded by clay with gibbsite crystals at a depth of 6 m. This clearly suggests that the transformation of gibbsite to boehmite in Barro Alto is directly linked to termite activity by the ingestion and passage of gibbsite through the digestive tract of termites, hence characterising a mineralogical neoformation.
With respect to root activity, the genesis of the PFR is related to the in situ fragmentation of former massive bauxite bodies. This fragmentation occurs through root growth and is facilitated by the existence of fractures in bauxite itself, thereby allowing for deeper root and water penetration (Eggleton and Taylor, 2008; Hao et al., 2010; Laskou and Economou-Eliopoulos, 2007; Nahon, 1991; Schwars, 1996; Tardy, 1993; Thomas, 1994) . Initially, cavities and holes are formed, which are progressively fragmented until they finally constitute the bauxite fragments. These fragments are geochemically degraded and will become rounded, to constitute typical nodules (Bullock et al., 1985) , until they are completely digested by pedogenetic processes and transformed into soils. The geochemical conditions promoted by cycling silica surface by vegetation, favour kaolinite neoformation in micromass (Lucas et al., 1993) .
The genesis of FIN, in turn, is related to the crystallisation of gibbsite surrounding the cavities left by either decayed roots or termite galleries. Aluminium complexed by organic matter in solution formed in the upper parts of the profiles by gibbsite dissolution in a low-pH environment caused by the release of organic acids by root activity and decompositions. These solutions percolated through the profiles reaching lower depths, where gibbsite was recrystallised as cavity infillings.
Conclusions
The role of cumulative biological activity in the evolution of aluminous lateritic areas can occur via different pathways that cause the microstructural and mineralogical transformations. In Barro Alto, the following transformations were identified side by side: I -bioturbation caused by termites and II -mechanical and geochemical degradation promoted by roots.
In the bioturbation process promoted by termites, two types of structures were formed: I -an intergrain micro-aggregate characterised by gibbsite crystals derived from the bioturbation of isalteritic bauxite blocks and boulders located at the bottom of the profile and II -a granular structure characterised by a clay matrix consisting of termitic microaggregates with gibbsite fragments immersed in a kaoliniticgibbsitic-goethitic-bohemitic micromass. This bioturbated micromass was formed by the clay derived by the geochemical degradation of isalteritic bauxite.
The bohemite phase is only found in structural associated with termite activity.
The processes associated with the mechanical degradation and geochemical transformations caused by roots were responsible for the genesis of two types of structures: I -a porphyric with bauxite fragments surrounded by a pedogenetic matrix and II -fine monic structure, whose gibbsite neoformation was constrained or framed by existing formed by roots or galleries promoted by termite activity.
